We succeeded to develop a reference light source in the range of very low luminance using a double integrating sphere system, and calibrated a commercial spectrophotometer below 1 × 10 −5 cd/m 2 levels, which is 1/100 lower than the specified limit for measurement. And we improved measurements in the ultra low luminance range of displays using the calibrated commercial spectrophotometer and a dark sphere to suppress the influence of the surround.
Introduction
Today, various types of flat-panel displays such as LCD, OLED and others are improving their performance toward higher contrast. As a result, the dynamic contrast of the LCD TV of more than 1M:1 has been achieved by LED backlight local dimming control technology. It is realized by the improvement of the black level of the panels. Figure 1 shows the necessary black level to realize the 1M:1 contrast ratio. If the white level is 400 cd/m 2 , the black level should be less than 4 × 10 −4 cd/m 2 . However, this is in the luminance range lower than the specified limit of measurement of commercial spectrophotometers.
Moreover, the measurement of the black level of a panel is influenced by the stray light in the surround such as the lights emitted by peripheral equipment in a darkroom ( Fig. 2(a) ), and even in a completely dark room, the light from the display panel outside the measuring point may be reflected and influence the measurement (Fig. 2(b) ).
Therefore, we examined the limitations of the accuracy of a commercial spectrophotometer in the ultra low luminance region and also examined the influence of the stray light in the darkroom on the measurement of the display panel using a dark sphere. Luminance is generally a complex photometric quantity, because it is defined as the second derivative of the luminous flux with respect to the area of source aperture dA S and the projected solid angle cos θ S dω S into which the luminous flux is emitted: [3] . Within an integrating sphere, however, since the sphere wall surface is an approximately Lambertian surface, the luminance on the sphere wall is constant. Given Φ in as the input flux, taking the total flux after multiple diffuse reflections as Φ = (1+ρ+ρ 2 +. . .)Φ in = ρ/(1−ρ)Φ in , where ρ is the average reflectivity of the diffuse wall, the definition of luminance on the sphere wall is much simplified (proportional to luminous flux Φ) as described by
where ρ w is the diffuse wall reflectivity, f is the ratio of the port areas to the total sphere wall area S = 4πr 2 and r is the radius of the sphere.
From this point, an integrating sphere is much advantageous to describe the luminance of a standard light source.
Equation (1) is the so-called integrating sphere equation, which furthermore reveals an important relationship between the luminances of two spheres connected by a circular aperture. Given the luminance of the first sphere wall L 1 , surrounded by the Lambertian sphere wall, the luminance over the circular aperture (radius a) is also L 1 and it behaves as a Lambertrian source, which emits flux Φ in = πL 1 A S into the second sphere, where A S = πa 2 . Substituting these into Eq. (1), the luminance of the second sphere wall L 2 is given by
showing that the luminance reduction ratio between the two sphere walls is proportional to the squared ratio of a to 2r:(a/2r) 2 . This double integrating sphere system has advantages Copyright c 2010 The Institute of Electronics, Information and Communication Engineers for luminance reduction compared to methods using the inverse square law of distance on an optical bench, which requires critical alignment. Figure 3 shows an example of the conventional luminance calibration method using a standard incandescent lamp for luminous intensity and a white reflectance standard [5] .
The luminance of the white reflectance standard L s is described by
where I is the luminous intensity of the standard incandescent lamp for luminous intensity, D is the distance between the lamp and the reflectance standard, and ρ s is the reflectivity of the white reflectance standard. The specified minimum luminous intensity of the standard lamp is 10 cd, and the maximum distance of the optical bench for calibration is 5 m [6] . By applying Eq. Figure 4 shows the actual configuration of the double integrating sphere system for a very low luminance light source.
The diameters of the first and second spheres are 8"(∼200 mm) and 12"(∼300 mm), respectively. We chose the value of the ratio of the luminances of the first and second spheres to be about 300:1 by selecting the diameter of the aperture. Therefore, when the luminance of the first sphere is in the range of 10 −3 cd/m 2 , in which the accuracy of the photometer is guaranteed, the achievable luminance of the second sphere is in the 10 −5 cd/m 2 range. In this way, we can examine the limitation of the commercial spectrophotometer by measuring the deviation of the ratio of the luminances of the first and second spheres in the very low luminance range.
A commercially available photometer is on the first sphere, and our original high sensitivity photometer is on the second sphere as a monitor to check the linearity between the luminances L1 and L2.
The detector of the high sensitivity photometer is a Si photo diode S9295 of Hamamatsu Photonics cooled to −20
• C. We stored this detector and an operational amplifier integrating circuit board in a metal case attached to a heat Fig. 6 Relationship between the luminance of the first and second spheres (L2 luminance was measured by a commercial spectrophotometer which is guaranteed in the luminance range higher than 10 −3 cd/m 2 ). sink unit for heat dissipation. Figure 5 shows the relationship between the luminance (L1) of the first sphere and the values (V2) measured by the original photometer which represents the luminance (L2) of the second sphere. The linearity of the relationship between L1 and V2 is maintained down to 2 × 10 −3 cd/m 2 of L1 luminance, where L2 is at the level of 6.6 × 10 −6 cd/m 2 and V2 continues to decrease to 1.0×10 −1 mV as L1 decreases down to around 1 × 10 −3 cd/m 2 . Figure 6 shows the results of luminance measurements made by a commercial spectrophotometer. This spectrophotometer is guaranteed in the luminance range higher than 10 −3 cd/m 2 . So, values in the meshed area of Fig. 6 are uncertified.
Experiment to Verify Luminance Reduction Constancy
Therefore, we calculate the accurate L2/L1 ratio by using values at higher than 10 −3 cd/m 2 of L2 luminance. From this ratio, we derived the luminance corresponding to the original photometer's raw data. The results are shown in Fig. 7 . Figure 7 shows that this apparatus can realize calibrated light of luminance down to the middle range of 10 −6 cd/m 2 level by deriving L2 from the L1 luminance. From Fig. 7 , we can say this apparatus has an ability of realizing calibrated light of luminance down to the mid- dle range of 10 −6 cd/m 2 level by deriving L2 from the L1 luminance.
Calibration Experiment of a Commercial Spectrophotometer
We tested a method to calibrate a commercial spectrophotometer using the double integrating sphere reference light source. Figure 8 shows the fitted curve of the relationship between the measurements made by the commercial spectrophotometer and the calibrated luminance of the second sphere. This curve can be used in the range greater than 2 × 10 −5 cd/m 2 . At lower levels, this spectrophotometer can indicate only that the luminance is less than 1 × 10 −5 cd/m 2 . Table 1 shows the maximum sensitivity of our original photometer and the commercial spectrophotometer. This table shows that luminances down to 1.0 × 10 −5 cd/m 2 can be measured by the commercial spectrophotometer with calibration.
Display Measurement Using a Dark Sphere
To eliminate the influence of the low luminance light in the surround, we put a dark sphere between the panel and the measuring instrument. We prepared two hemispherical Styrofoam shells of 400 mm diameter to make this dark sphere [2] . The inner surfaces of the hemispherical shells were sprayed with black paint to reduce reflections of light as much as possible. Windows were cut open in both the shells on the panel side and on the measurement instrument side to let light through. The dark sphere was completed by attaching the shells together. Figure 9 shows the photograph of the dark sphere and darkness inside.
Using the dark sphere made in this way, only the emitted rays nearly normal to the display panel can enter the window of the measuring instrument, and all the other stray and flare lights caused by multiple internal reflection in the panel cover glass are attenuated inside the sphere and do not influence the measurement result.
We examined the effects of using the dark sphere by measuring the luminance of uniform dark gray levels for 4 types of TV display panels: LCDs with a CCFL backlight and with an LED backlight, a plasma TV, and an OLED TV. The results are shown in Fig. 10 .
The luminance in Fig. 10 were obtained by applying the calibrated values from Fig. 6 . There are clear differences between the luminances with and without the dark sphere for the OLED TV and for the LCD with LED backlight. Table 2 shows the calibrated luminances of the black levels of TVs calculated from the averages of the luminances for input signal levels from 1 to 15.
The measured values for the OLED TV using the dark sphere are in the range below 1 × 10 −5 cd/m 2 which is the background level of the spectrophotometer. Therefore these data are uncertain and we can judge only that the luminances are less than 1 × 10 −5 cd/m 2 . We can estimate that the stray light is less than 1.6 × 10 −5 cd/m 2 from the luminance with-out the dark sphere. Therefore the stray light from surround is less than 1.6 × 10 −5 cd/m 2 and the stray light from the display panel is zero.
The stray light for the LCD TV with LED backlight can be calculated as 1.13 × 10 −4 cd/m 2 from the difference between the results of measurements using the two methods of measuring of the display panel. The origin of its stray light can be divided into the surround and the panel, which account for 14% and 86%, respectively.
We can also calculate the stray lights from the LCD TV with CCFL backlight and the PDP TV. However, because the differences of the luminances between the two methods are small compared to with the luminance of the measuring spot, the differences in the values of the luminances are in the range of error.
Therefore, by using the dark sphere, we can estimate the luminances of the stray lights from the surround and from the panel and eliminate the effects of their presence.
Conclusion
We succeeded to make a standard calibrated light source by using the double integrating sphere system in the range higher than 2 × 10 −5 cd/m 2 , and to calibrate a commercial spectrophotometer, whose the accuracy is specified above 1 × 10 −3 cd/m 2 , in the range down to 10 −5 cd/m 2 . We were also able to improve the luminance measurements of display panels in the ultra low luminance range by using the dark sphere to eliminate the stray lights from both the panel and the surround.
